ABSTRACT A theoretical analysis is presented of the formation of membrane tethers from micropipette-aspirated phospholipid vesicles. In particular, it is taken into account that the phospholipid membrane is composed of two layers which are in contact but unconnected. The elastic energy of the bilayer is taken to be the sum of contributions from area expansivity, relative expansivity of the two monolayers, and bending. The vesicle is aspirated into a pipette and a constant point force is applied at the opposite side in the direction away from the pipette. The shape of the vesicle is approximated as a cylindrical projection into the pipette with a hemispherical cap, a spherical section, and a cylindrical tether with a hemispherical cap. The dimensions of the different regions of the vesicle are obtained by minimizing its elastic energy subject to the condition that the volume of the vesicle is fixed. The range of values for the parameters of the system is determined at which the existence of a tether is possible. Stability analysis is performed showing which of these configurations are stable. The importance of the relative expansion and compression of the constituent monolayers is established by recognizing that local bending energy by itself does not stabilize the vesicle geometry, and that in the limit as the relative expansivity modulus becomes infinitely large, a tether cannot be formed. Predictions are made for the functional relationships among experimentally observable quantities. In a companion report, the results of this analysis are applied to experimental measurements of tether formation, and used to calculate values for the membrane material coefficients.
INTRODUCTION
One of the primary functions of biological membranes is to provide a dynamic barrier for the compartmentalization of the cell and its contents. Thus, the mechanical behavior and deformability of membranes is of fundamental importance in understanding the dynamics of living cells. One of the more surprising shapes that membranes assume is that of an elongated cylinder with an aqueous core. Such structures are found in the Golgi apparatus and the endoplasmic reticulum. Their formation and dynamics have been documented using imageenhanced video microscopy of cells and cell extracts (Dabora and Sheetz, 1988; Cooper et al., 1990) . Similar structures were first observed as the result of mechanical deformations of red blood cell membrane (Hochmuth et al., 1973) . The mechanically-formed cylinders are called tethers, and have been formed and studied in both red blood cell membrane and phospholipid vesicles of different compositions (Hochmuth et al., 1982; Bo and Waugh, 1989; Waugh, 1982a, b; Song and Waugh, 1990) . Although the elastic character exhibited by tethers was originally attributed to the membrane skeleton of the red blood cell (Evans and Hochmuth, 1976) , it has been recognized subsequently that tether formation is charac-teristic of the membrane bilayer, and that the stability and elastic behavior of these structures is due to the elastic resistance of bilayer membranes to changes in their curvature (Waugh and Hochmuth, 1987) . Thus, mechanically-formed tethers provide an unusual opportunity to study membrane curvature elasticity and to understand how membrane structure and composition can influence membrane behavior.
The elastic behavior of phospholipid membranes can be described as if they are two-dimensional liquids in the plane of the membrane and elastic bodies with respect to bending deformations (Evans and Needham, 1987) . The effect of the lamellar structure of bilayer membranes on their bending properties has been considered by Evans (1974 Evans ( , 1980 , who emphasized different bending behavior of systems with connected and unconnected constituent layers. In particular he showed, in the case of closed (or constrained at the edges) unconnected layers, where local adjustment and relative movement can take place between the layers, that the corresponding elastic energy depends on the integral of the curvature over the whole membrane. This was described as a nonlocal bending effect. The integral of the curvature over the whole membrane is proportional to the difference between the areas of the two layers. Thus, it is possible to relate the nonlocal bending energy to the "relative stretching" term introduced recently (Svetina et al., 1985) . In this report we shall use the term "relative expansivity" to describe this contribution to the membrane energy. In previous analyses of tether formation the contribution of the relative expansion of the two membrane layers has been neglected (Waugh and Hochmuth, 1987; Bo and Waugh, 1989) . In this work we consider the importance of relative expansivity in tether formation and establish the analytical basis for obtaining the corresponding nonlocal bending modulus from the experimental data. The first section will provide the description of the mechanical properties of closed bilayers on which the analysis is based. Then an approximate geometric model for the aspirated tethered vesicle will be introduced, on the basis of which the elastic energy of the system can be determined approximately. The equilibrium tether configurations will be obtained by minimizing the free energy of the system, and criteria will be developed for the stability of the tether. The analytical framework will be used in a companion paper (Waugh et al., 1992) to calculate the nonlocal bending modulus from experimental observations.
Elastic properties of closed symmetric bilayer with unconnected layers
The two layers of a phospholipid bilayer are held in contact by hydrophobic forces but can be assumed to slide freely one by the other. Then the elastic properties of the bilayer are determined by the elastic properties of the individual constituent layers subject to the constraint that their areas are interrelated by:
(1)
Here Aex and A are the areas of the external and the internal layers, respectively, at their neutral planes, h is the distance between these neutral planes, cl and c2 are the two principal curvatures, and integration is over the area of the neutral plane of the bilayer, AO. Following a more general treatment (Svetina et al., 1985) , the elastic properties of the layers as separate entities (m = 1, 2) are described by their area expansivity modulus (Ki), their bending constant (kc,m), and their spontaneous curvature co,m. The elastic energy of a closed symmetric bilayer composed of layers of the same composition (where therefore K2 = K,, k,2 = kc,1, and c0,2 = -cOJ) is
given by the sum of three terms: (a) the area expansivity term takes the form:
where K is the area expansivity modulus of the bilayer:
and A is an expanded area of the neutral plane of the bilayer; (b) the bending term is:
where kC is the membrane bending modulus:
and it has been recognized that in the case of symmetric bilayers the spontaneous curvature is zero; (c) the relative expansivity term can be conveniently described by either of the two alternative expressions
It is clear from the first of these expressions that the relative expansivity term describes the energy of the membrane arising from the expansion and compression of the two membrane layers. It is manifested in that the difference between the areas of the inner and outer leaflets in the deformed state (AA = A X -Ain) is different from the corresponding difference in the equilibrium state (AA). Kr is the relative expansivity modulus, which for a symmetrical membrane is equal to (Svetina et al., 1985) Kr= Ki12 = K14.
The same membrane deformation can also be expressed (cf. Eq. 1) as the difference between the integral of the curvature over the membrane area in the deformed state (AA/h) and in the equilibrium state (AA0Ih). The corresponding energy term (the second expression in Eq. 6) involves as the elasticity modulus the nonlocal bending modulus kr related to Kr by kr = h2Kr.
(8) The moduli Kr and kr are defined in such a way that they are intrinsic properties of the membrane. In this work the relative expansivity term will be expressed by the nonlocal bending modulus.
Analysis of tether formation
In the experimental procedure to be analyzed (Bo and Waugh, 1989 ), a vesicle is aspirated into a pipette, forming a spherical portion outside the pipette and a projection within the pipette. Then the vesicle is placed into contact with a glass bead which sticks to it, i.e., a vesicle-bead pair is formed. After reducing the aspiration pressure the bead falls away from the vesicle, forming a tether between the bead and the body of the vesicle. The pressure can be adjusted to stop the bead movement, which means that equilibrium can be established. Reduction of the magnitude of the aspiration pressure causes the bead to move away from the vesicle drawing more material into the tether, whereas an increase in the magnitude of the aspiration pressure causes the bead to move toward the vesicle as material is drawn from the tether back onto the body of the vesicle. The length of the vesicle projection into the pipette changes accordingly.
The analysis involves the determination of the elastic energy of the membrane for a given configuration of the tethered vesicle (We1), and the search for the configuration that corresponds to the minimum of the free energy of the system. The free energy (F) comprises the elastic energy (described above), the gravitational potential energy of the bead, and the contribution of the work done by the membrane due to hydrostatic pressure differences:
Here, f is the gravitational force of the bead, x is the distance from the pipette end to the bead, Rp the pipette radius, and Lp the vesicle projection into the pipette. To determine Wdl, the shape of the tethered vesicle is approximated by a simple geometrical model (Fig. 1) . We consider only those contributions that change significantly in the course of varying the aspiration pressure and thus the configuration. To justify this approximation a more involved geometrical model is analyzed in FIGURE 1 Schematic representation of the vesicle, which is aspirated in a pipette and pulled with constant force in the opposite direction.
Notations given in the figure are: pipette radius (RP), pipette projection length (LP), vesicle radius (RJ), tether length (L,), tether radius (RI), the pressure surrounding the vesicle (po), the pressure in the pipette (pp), and force pulling the tether (f ). 
The significant contributions to the elastic energy of the system shown in Fig. 1 are expected to be due to membrane area expansivity, relative expansivity due to changes of the tether length, and bending energy of the tether cylinder as demonstrated in Appendix 1. The changes in the area difference due to the contribution of other than tether parts of the vesicle are less than one percent of the contribution of the tether. This is valid even in the limit as the tether length becomes small, i.e., of the magnitude of only a few tether radii. Also, because changes in the value of RV in the course of experiment are small, it is sufficient to consider only the length of the tether in the gravitational potential energy, and we can use L4 instead ofx in the corresponding term. Then the functional to be minimized with respect to the three free variables reads
The areaA is given by A =-rR2 + 2rrLpR + 4,TrR2 + 2rTL Rt.
( 13) _oi et a. By suitably rearranging Eqs. 14 to 16 they read 
Here we have incorporated the contribution due to constitutive area differences between the leaflets (LI) (R, does not depend on q as can be seen from Eq. 24.)
Tether configurations exist in the region between these i 1 | 10 two lines ( Fig. 2A) , however, there is another small q region in the close vicinity of the point where they A intersect (q = q,,). Within this region (it is shown in Tether configurations exist essentially between these two curves except in close vicinity of q, which denotes crossing of these two curves. (B) The detailed presentation of the region close to qc, where there is the transition between the stable and unstable tether configurations. The horizontally shaded area shows at which values of AP and q there are unstable configurations, and the vertically shaded area shows where there are stable configurations. Within the cross-hatched area there are two solutions one corresponding to the stable and one to the unstable configurations. The arrows denote values of q at which the product L,R, as a function of AP is presented in Fig. 3. 12'n*cL, K 2Ik+ -KA2 
The system is stable provided that the eigenvalues of this matrix are all positive. We apply this stability criterion to the solutions illustrated in Fig. 2A and (Evans and Needham, 1987) . The present theoretical analysis focuses on the realization that in treating bilayer membranes that form closed surfaces, it is necessary to take into consideration the possibility of relative expansion (or compression) of the two constituent layers. The energy corresponding to relative area expansion can be deduced by recognizing that the two layers of the bilayer can deform elastically and independently of each other, but that they are geometrically constrained because they must remain in close contact (Svetina et al., 1985 ). An analogous expression for nonlocal bending was introduced by Evans (1980) . It has been suggested previously (Svetina and Zeks, 1989 ) that the relative expansivity of the constituent layers of a bilayer could be important in determining the shapes of closed membranes. If the system is unsupported and otherwise unconstrained, a given shape can be specified by requiring that the two layers be unstressed. However, when external forces are applied, the two membrane leaflets may be unequally stressed, and the elastic Bo et a. response of a vesicle will be determined in part by the relative expansivity of the membrane. This investigation represents an analysis of one such application of external forces, namely, the formation of a membrane tether from a micropipette-aspirated phospholipid vesicle. The contribution from relative area expansion is recognized, and predictions made for the elastic response of the membrane. The geometrical approximation of the aspirated tethered vesicle was introduced to estimate the values of the system parameters for which tethers can exist. The tether can exist if there is an equilibrium among all the forces involved. To obtain such an equilibrium, the minimum of the free energy was sought where the elastic energy of the system included membrane bending, membrane area expansivity, and the relative expansivity of the two membrane layers. This analysis was simplified in the sense that only the significant contributions to the energy were included. This enabled us to derive the necessary relationships in an analytical form. As is shown by the analysis in Appendix 1 this simplification is justified.
Besides the analysis of the equilibrium of the system, stability analysis was also performed. An important result of the stability analysis is that not all tether configurations obtained by the equilibrium analysis are stable. In particular, consideration of the bending energy alone does not yield stable tethered vesicles. This means that other elastic modes, i.e., the relative expansivity, must be included in the interpretation of the phenomenon. The nonlocal bending modulus must be finite because at its infinite value, i.e., at constant difference between the areas of the two membrane layers, the tether can not be formed.
From the described analysis of a tethered vesicle it is clear that its behavior also depends on L*. The occurrence of this parameter is the consequence of the initial difference between the areas of the two membrane layers. This difference depends on how the vesicle was formed and on its history. When a vesicle is aspirated such that the portion outside the pipette is spherical, the difference between the areas of the two layers is, in general, not the same as the initial difference between these areas in the unsupported vesicle. The difference in the areas could be either larger or smaller than for the unsupported state. In one case, the external leaflet is compressed in the initial aspirated configuration, and the internal leaflet is expanded. In this case, a smaller force is needed to form the tether than in the case of L * = 0. Thus, in this case L* > 0. In the other case we have correspondingly L* < 0. The value of L* determines the effective forces on which the slopes in Figs. 5 and 6 depend, and uncertainties in this value can lead to scatter in the values of the parameters determined experimentally from these slopes (Waugh et al., 1992) .
This analysis provides a formal basis for interpreting membrane tether formation experiments in terms of intrinsic membrane properties. Several aspects of the tether formation process not considered in detail previously have been incorporated into the analysis. Specifically, the contribution of relative area expansivity to the equilibrium conditions during tether formation has been established. In addition, the effects of constitutive differences in the areas of the opposing layers have also been included via the parameter L *. Finally, predictions have been made for functional relationships among the experimentally measured parameters. Thus, this analysis is an essential step for properly interpreting tether formation experiments and for understanding the physical basis of membrane behavior in mechanical deformation. We would like to test the validity of the approximations used in this paper to evaluate the membrane bending energy of the aspirated tethered vesicle. This will be accomplished by comparing the magnitude of the neglected contributions with those that were kept in the approximation. The model treated here is more detailed geometrically in that it includes a segment of a torus as the connection between the spherical part of the vesicle and the tether (Fig. A 1) . The importance of the contribution to the bending energy of this region is evaluated. The vesicle is therefore composed of the cylinder with the hemispherical cap in the pipette, the spherical section, the toroidal section, and the cylindrical tether with a hemispherical cap.
The membrane bending energy is given by Eq. 4. The total bending energy is the sum of the bending energies of the vesicle parts: the bending energy of the hemispherical cap within the pipette (Whp), the bending energy of the cylinder within the pipette (Wp), the bending energy of the spherical section (Wj), the bending energy of the section of the torus (W), the bending energy of the cylindrical tether (W,), and the bending energy of the hemispherical cap of the tether (Wh,). The membrane elastic energy is the sum of membrane bending energy and energy due to relative expansivity
where AAO is the difference between areas of the two leaflets when the vesicle is aspirated in the pipette before the tether is made, and h is the distance between neutral planes of the layers. We assume here that the equilibrium difference between these two areas of the leaflets is equal to the initial equilibrium difference between areas in the unsupported vesicle (AAO), which means that the areas of the leaflets of the aspirated vesicle are not relatively expanded (or compressed) before the tether is made (i.e., L,*= 0). The area expansivity term is neglected because its contribution to the membrane energy is small. We estimated that for the area expansivity modulus 0.2 J/m2 (Evans and Needham, 1987) is the distance between pipette and the end of the tether and f is the force pulling the tether. To obtain the shape of the vesicle we minimize the free energy with respect to the length of the projection in the pipette, the vesicle radius, the radius of the torus, and the tether length and radius. The radius of the pipette is taken to be constant. The total volume of the vesicle and the total area of the bilayer are fixed (V = V0, A = AO). The pressure in the pipette and the force pulling the tether are also fixed.
The total volume of the vesicle equals 
The toroidal radius R. is shown as a function of Lt in Fig. A2 . Note that the dependence of RS on L, is not strong. The bending energies of each region of the vesicle for three different tether lengths are tabulated in Table Al . Because the bending energy of the tether is several orders of magnitude bigger than the contributions to the bending energy of the other parts, the approximation used in this paper is justified. The bending energy of the section of the torus is small in comparison with the bending energy of the cylindrical tether because the value of the curvature of the torus is comparable to the value of the curvature of the tether only within a very small region near The total area of the vesicle, the relative volume and the membrane material constants are the same as in Fig. A2 .
the connection between these two vesicle parts. The section of the torus can be omitted in the approximation of the aspirated tethered vesicle also because R, only slightly depends on the length of the tether (Fig. A2 ). An analogous calculation reveals that the change in the bending energy at the entrance to the pipette is an order of magnitude smaller than the change in energy at the tether junction. This is because the membrane curvature at the pipette entrance changes very little during tether formation. Thus, this contribution to the energy change during tether formation can also be neglected.
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